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ABSTRACT 20 
 21 
In this study, antimicrobial, anti-quorum sensing and anti-biofilm forming activities of 22 
phenolic-enriched extracts produced by enzyme-assisted extraction from oven-dried and 23 
lyophilized black grape (Vitis vinifera x (Vitis labrusca x Vitis riparia)), apple (Malus 24 
domestica cv. Jonagold) and yellow pitahaya (Hylocereus megalanthus) residues were 25 
investigated. Both disk-diffusion and minimal inhibitory concentration (MIC) assays showed 26 
increased antimicrobial capacity for many extracts after the carbohydrase treatments. The 27 
lowest MIC (12.5 mg/mL) was found for black grape samples against Bacillus cereus and 28 
Bacillus subtilis, and for apple and pitahaya samples against Pseudomonas putida. The 29 
percent quorum sensing inhibition effect on Chromobacterium violaceum has varied between 30 
9 and 36%, 15 and 24% and 6 and 23% for black grape, apple and pitahaya extracts, 31 
respectively, depending on the enzyme treatment. Pseudomonas aeruginosa, P. putida and 32 
Staphylococcus aureus biofilms were the most sensitive to the extracts, while the Salmonella 33 
enterica, Listeria monocytogenes and Escherichia coli biofilms were modulated by certain 34 
enzyme-free and treated samples. The extracts can be good candidates for the development of 35 
natural preservatives. 36 
 37 
Keywords: Antibacterial activity; Anti-quorum sensing; Biofilm; Foodborne pathogens; 38 
Phenolic compounds 39 
40 
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1. Introduction 41 
Foodborne diseases frequently occur worldwide. Salmonellosis and listeriosis are 42 
well-known infections but Staphylococcus aureus and certain Escherichia coli strains can also 43 
be associated with foodborne outbreaks (Callejón et al., 2015). These bacteria can form 44 
biofilm, that is, communities enclosed in self-synthesized polymer matrices, attached to biotic 45 
or abiotic surfaces. Within the biofilm, the cells are metabolically less active than the 46 
planktonic form, therefore, they are significantly less sensitive to the action of antimicrobial 47 
agents, which is the main cause of chronic infections (Landini, Antoniani, Burgess, & 48 
Nijland, 2010). Formation of biofilms is a complex process and depends on different cellular 49 
mechanisms. One of these is the population dependent cell-to-cell communication system, 50 
namely quorum sensing, that regulates additional cellular functions such as virulence gene 51 
expression, sporulation, conjugation, exopolysaccharide production and toxin production as 52 
well (Deep, Chaudhary, & Gupta, 2011). By quorum sensing inhibitors, biofilm formation of 53 
foodborne pathogenic and spoilage bacteria could also be inhibited (Kalia, 2013). 54 
Recently, many synthetic antimicrobials are used successfully for shelf life extension, 55 
however, the consumers' growing concern against such preservatives in foods encourages 56 
researchers to screen and enrich the natural alternatives (Gyawali & Ibrahim, 2014). 57 
Polyphenols, e.g., phenolic acids, flavan-3-ols, flavonols and tannins, are intensively studied 58 
in this regard because of their ability to suppress various microbial virulence factors including 59 
those that are regulated by the quorum sensing system (Asfour, 2018; Brackman & Coenye, 60 
2015; Slobodníková, Fialová, Rendeková, Kováč, & Mučaji, 2016). Furthermore, they are 61 
potent free radical scavengers and metal chelators. Thus, they can inhibit the lipid 62 
peroxidation and exhibit various additional physiological activities as antioxidants and 63 
antimicrobials (Daglia, 2012). Therefore, these kinds of phytochemicals are widely used in 64 
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the food preservative developments as potential antimicrobial agents against various food-65 
related pathogens (Papuc, Goran, Predescu, Nicorescu, & Stefan, 2017). 66 
Grapes, apple and pitahaya (also known as dragon fruit) are promising sources of 67 
phenolic compounds. Besides the usable part of the fruits, by-products generated during the 68 
fruit processing are also rich in bioactive phenolics (Dembitsky et al., 2011; Kalinowska, 69 
Bielawska, Lewandowska-Siwkiewicz, Priebe, & Lewandowski, 2014; Teixeira et al., 2014). 70 
In a recent study, we successfully produced antioxidative phenolic-enriched extracts from 71 
oven-dried and lyophilized black grape, apple and pitahaya residues by direct enzymatic 72 
treatment using a cellulolytic cocktail from the zygomycete fungus Rhizomucor miehei NRRL 73 
5282 and a pectinase from Aspergillus niger (Zambrano et al., 2018). The substrate 74 
pretreatment (oven-drying and lyophilization) affected the phenolic yield and the antioxidant 75 
activity. Furthermore, some extracts exhibited significant increase in the concentration of 4-76 
hydroxybenzoic acid, syringic acid, gallic acid, vanillic acid, cinnamic acid, p-coumaric acid, 77 
(+)-catechin, (‒)-epicatechin, quercetin, polydatin and resveratrol compounds. Here, the 78 
potential bioactive properties, i.e. the antimicrobial and anti-biofilm forming activities against 79 
five Gram-positive and four Gram-negative foodborne pathogen and food spoilage bacteria, 80 
and the anti-quorum sensing capacity of the extracts were investigated before and after 81 
enzymatic treatments. Furthermore, pure form of the previously examined individual 82 
phenolics was also subjected to bioactivity tests to study the possible correlation between the 83 
activity changes in the extracts and the increase in the phenolic compound concentrations 84 
after the enzymatic treatments. 85 
Although antimicrobial capacity of various grape, apple and pitahaya cultivars has 86 
been investigated (Teixeira et al., 2014; Yadav, Kumar, Kumar, & Mishra, 2015; Zhang et al., 87 
2016), there are only scarce data about yellow pitahaya residue samples (Choo, Koh, & Ling, 88 
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2016). Furthermore, the present assay provides useful information on the less studied Othello 89 
grape and Jonagold apple variants as potential sources of antimicrobial compounds. 90 
2. Materials and methods 91 
2.1. Bacterial strains and growth conditions 92 
Five Gram-positive bacteria, i.e. Bacillus subtilis (SZMC 0209), Bacillus cereus 93 
(SZMC 0042), Listeria monocytogenes (SZMC 21307), Staphylococcus aureus (SZMC 0579) 94 
and methicillin-resistant Staphylococcus aureus (MRSA, SZMC 6270) and four Gram-95 
negative bacteria, i.e. Escherichia coli (SZMC 0582), Salmonella enterica subsp. enterica 96 
serovar Typhimurium ATCC 13311 (SZMC 23289), Pseudomonas putida (SZMC 6010) and 97 
Pseudomonas aeruginosa (SZMC 0568) were involved to the antimicrobial and anti-biofilm 98 
forming activity tests. The model organism Chromobacterium violaceum 85WT (SZMC 99 
6269) was used in the anti-quorum sensing activity assays. All bacterial strains were obtained 100 
from the Szeged Microbiological Collection (SZMC, Szeged, Hungary). The Bacillus isolates 101 
were grown on tryptone glucose yeast extract medium (TGE; glucose, 1 g/L; yeast extract, 3 102 
g/L; tryptone, 5 g/L), the L. monocytogenes on tryptic soy broth (TSB; casein peptone, 17 g/L; 103 
K2HPO4, 2.5 g/L; glucose, 2.5 g/L; NaCl, 5 g/L; soya peptone,3 g/L) and the Pseudomonas, S. 104 
aureus, MRSA, E. coli, S. enterica and C. violaceum strains on Luria-Bertani medium (LB; 105 
tryptone, 10 g/L; yeast extract, 5 g/L; NaCl, 5 g/L). All ingredients were purchased from 106 
VWR International (USA). 107 
S. aureus, MRSA, E. coli, S. enterica and L. monocytogenes were cultured at 37 °C, 108 
while the Bacillus and the Pseudomonas strains and C. violaceum at 30 °C. The 109 
microorganisms were subcultured every four weeks on the corresponding solid medium and 110 
stored at 4 °C. Before each experiment, fresh bacterial cultures were prepared by picking a 111 
colony from a 24-h old petri plate culture, suspended in 30 mL medium and incubated for 18 112 
h at 30 or 37 °C depending on the requirements of the applied strain. At the end of the 113 
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incubation period, the growth of each bacterium was in the stationary phase. Cell number was 114 
set by serial dilution in the respective growth medium followed by counting in a Bürker-115 
chamber under a light microscope. 116 
2.2. Fruit residues and carbohydrase treatment 117 
Oven-dried and lyophilized Othello black grape (Vitis vinifera x (Vitis labrusca x Vitis 118 
riparia)) pomace, Jonagold apple (Malus domestica cv. Jonagold) and yellow pitahaya 119 
(Hylocereus megalanthus) residue extracts were tested directly and after treatments with A. 120 
niger pectinase, R. miehei NRRL 5282 cellulase and R. miehei cellulase/A. niger pectinase. 121 
The preparation of the residues and the detailed method of the enzymatic treatment were 122 
described in our previous paper (Zambrano et al., 2018). Briefly, 600 mg from the prepared 123 
fruit residue was mixed with 6 mL of acetate buffer (50 mM, pH 5.0) containing the 124 
corresponding enzyme cocktail. The residue-enzyme mixtures were then incubated at 50 °C 125 
for 5 h under constant stirring at 200 rpm, and the reaction was stopped by boiling for 3 min. 126 
After centrifugation at 16,200×g for 10 min, the resulting clear supernatant was used to 127 
prepare stock solutions for subsequent bioactivity tests. All enzymatic treatments were carried 128 
out in three independent experiments. Total phenolic content and antioxidative properties of 129 
the extracts, and the concentration of some individual phenolic compounds were determined 130 
and compared within the frame of our former experiments (Zambrano et al., 2018). In that 131 
study, the effect of the substrate pretreatment procedure on the total phenolic yield and 132 
antioxidant activity varied from fruit to fruit, therefore, we considered important to make 133 
comparisons between the antimicrobial properties of the extracts derived from both the oven-134 
dried and the lyophilized samples. 135 
2.3. Extract stock solution preparation 136 
A volume of 20 mL from the clear supernatant was placed to a 50-mL Falcon 137 
centrifuge tube and frozen overnight at -20 °C. Then, the sample was lyophilized until the 138 
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water content was completely displaced. The remained dry matter was weighted and 139 
subsequently diluted with an ethanol:water (10:90) solution to the concentration of 200 140 
mg/mL. After vortexing, this concentrated stock solution was sterilized by syringe filtration 141 
(Millex-HV, PVDF, pore size: 0.45 µm; Millipore, USA). 142 
2.4. Phenolic acids and other phenolic compounds tested 143 
Gallic acid, vanillic acid, syringic acid, p-coumaric acid, 4-hydroxybenzoic acid, 144 
cinnamic acid, (+)-catechin, (−)-epicatechin, polydatin, quercetin and resveratrol were 145 
purchased from Sigma-Aldrich (Germany). Stock solutions with 1 mg/mL concentration were 146 
prepared from the compounds using the ethanol:water mixture (10:90). 147 
2.5. Agar disk-diffusion assay 148 
Agar disk-diffusion method was used to screen the antimicrobial activity of the 149 
extracts and phenolic compounds. A volume of 1 mL of each bacterium suspension (106 150 
CFU/mL) was uniformly spread on the corresponding solid medium. After removing the 151 
excess suspension, plates were dried and six sterile paper disks (5 mm in diameter) were 152 
equidistantly placed on the surface of each agar plate. Then, stock solution of extracts were 153 
diluted to two times using ethanol:water solution (10:90). A volume of 10 µL of diluted fruit 154 
extract solution (1 mg per disk) or phenolic compound stock solution (10 µg per disk) was 155 
loaded on the surface of the disks, then, cultures were incubated for 24 h under condition 156 
appropriate for the bacteria tested. The antibacterial activity was evaluated from the diameter 157 
of the growth inhibition zone (in mm) formed around the disks. Paper disks impregnated with 158 
ethanol:distilled water solution (10:90) and 100 µg/mL Streptomycin (Sigma-Aldrich, 159 
Germany) served as the negative and the positive control, respectively. There was no bacterial 160 
growth inhibition around the disks contained the negative control sample. Three biological 161 
replicates were performed with each enzyme-treated sample and phenolic compounds. 162 
2.6. Determination of minimum inhibitory concentrations (MICs) 163 
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The MICs of the extracts and individual phenolics were determined by a microplate 164 
assay. Using the corresponding stock solution, diluted samples were prepared in ethanol:water 165 
mixture (10:90) to the concentrations of 12.5, 25, 50 and 100 mg/mL for the fruit extracts and 166 
250 and 500 µg/mL for the phenolic compounds. After 18 h incubation, the bacterial culture 167 
was centrifuged (16,200×g, 10 min) and a 105 CFU/mL suspension was prepared from the 168 
sediment using double concentrated growth medium appropriate for the specific bacterium. A 169 
volume of 100 µL from this bacterial suspension was added to each well of a sterile 96-well 170 
polystyrene microtiter plate, followed by 100 µL of the fruit extract and the phenolic 171 
compound samples, giving a final concentration from 6.25 to 100 mg/mL and 125 to 500 172 
µg/mL, respectively. A volume of 100 µL of bacterial suspension supplemented with 100 µL 173 
of ethanol:distilled water solution (10:90) was considered as the positive control, while the 174 
negative controls contained 100 µL of sterile double concentrated growth medium and 100 µL 175 
of diluted fruit extract or phenolic compound. Subsequently, the optical density (OD) of the 176 
plates was measured at 600 nm (SPECTROstar Nano, BMG Labtech, Germany). After that, 177 
the plates were sealed and incubated for 24 h under appropriate cultivation conditions, and the 178 
OD was measured again at the end of incubation. MIC was considered as the lowest 179 
concentration of fruit extract or phenolic compound where the absorbance was 10% or lower 180 
than the positive control, thus, the growth inhibition was 90% or higher. 181 
2.7. Determination of minimum bactericidal concentration (MBC) values 182 
A volume of 10 µL from the cultures where the MIC was recorded, and from the 183 
higher concentrations (up to 100 mg/mL for the fruit extracts or 500 µg/mL for the phenolic 184 
compounds), were inoculated equidistantly on solid medium appropriate for growth of the 185 
bacterium tested. Then, the plates were incubated for 24 h under different conditions 186 
depending on the bacterium used. The lowest concentration, at which no colonies were 187 
formed, was taken as the MBC. 188 
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2.8. Quorum sensing inhibition assay 189 
Anti-quorum sensing activity of the extracts and individual phenolics was assessed 190 
through the inhibition of violacein synthesis in C. violaceum model organism (Kerekes et al., 191 
2013). In this assay, the violacein pigment produced in liquid culture was extracted and 192 
detected spectrophotometrically, according to the modified method of Choo, Rukayadi, & 193 
Hwang (2006). Falcon tubes containing 9.4 mL of LB medium and 100 µL of fruit extract or 194 
phenolic compound stock solutions were inoculated with 500 µL of 18-h old bacterial culture 195 
with approximately 108 CFU/mL concentration. A single tube consisting of 9.5 mL of LB 196 
medium and 500 µL of bacterial suspension (108 CFU/mL) was used as positive control, and 197 
tubes consisting of 9.9 mL of growth medium and 100 µL of extract and phenolic compound 198 
stock solutions were the negative controls. Final concentration of the fruit extracts and the 199 
phenolic compounds during the test were 2 mg/mL and 10 µg/mL, respectively. After the 200 
preparation, culturing tubes were incubated at 30 °C for 24 h under continuous shaking at 150 201 
rpm. The tubes were then vortexed and 2-mL aliquots were placed into sterile Eppendorf 202 
tubes and centrifuged at 16,200×g for 20 minutes to precipitate the insoluble violacein 203 
pigment. The supernatant was discarded, and the pellet was solubilized in 1 mL of dimethyl 204 
sulfoxide by vigorous vortexing for 20 min. Finally, cellular debris was removed by 205 
centrifugation (16,200×g, 20 min), and 200 µL of supernatant was pipetted into the wells of a 206 
96-well polystyrene microtiter plate. Absorption was measured at 585 nm via a SPECTROstar 207 
Nano microplate reader (BMG Labtech, Germany), and the percentage inhibition of violacein 208 
production was calculated by using the following equation: 209 
Inhibition of violacein production (%) = [(A-B)/A] × 100 210 
where A is the OD of the positive control and B is the OD of the treated sample. 211 
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The extracts and phenolic compounds at the applied concentrations did not inhibit the 212 
growth of C. violaceum according to the colony forming units determined in each tube after 213 
the incubation. 214 
2.9. Biofilm formation assay 215 
Effect of extracts and individual phenolics on the biofilm formation was determined 216 
by the crystal violet staining method. Following the procedure of Kerekes et al. (2013), 200 217 
µL of 24-h old bacterial culture (approximately 108 CFU/mL) was pipetted into the wells of a 218 
sterile 96-well polystyrene microtiter plate and the cells were allowed to adhere for 4 h at 219 
temperatures appropriate for the bacteria tested. After removing the planktonic cells, the plate 220 
was rinsed with physiological saline and left to dry for 10 min under sterile conditions. A 221 
volume of 200 µL of medium containing prepared fruit extracts or phenolic compounds in 50 222 
mg/mL or 100 µg/mL concentrations, respectively, were then added to each treated well. The 223 
positive control was made by addition of 200 µL of growth medium to treated wells, while the 224 
negative controls contained fruit extract or phenolic compounds in growth medium. The 225 
plates were incubated for 24 h, then, the supernatant was removed, and the wells were rinsed 226 
with physiological saline. To fix the biofilm, 200 µL of methanol was added to each well and 227 
left the plate to stand for 15 min at room temperature. The methanol was removed, and 200 228 
µL of 0.1% crystal violet solution was added to each well. After incubation at room 229 
temperature for 20 min, the excess dye was removed by rinsing each well twice with distilled 230 
water. To release the bounded dye, 200 µL of 33% acetic acid solution was used incubating 231 
the plates for 10 min at room temperature. Finally, the absorbance was measured at 590 nm 232 
(SPECTROstar Nano, BMG Labtech, Germany), and the percent biofilm formation was 233 
calculated. Optical density of the positive control was considered as 100%. 234 
2.10. Statistical analysis 235 
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Assays were performed in three independent experiments and data were expressed as 236 
an average of the replicates ± standard deviation. In case of the fruit extracts, the significant 237 
differences between the independent variables were analyzed by two-way analysis of variance 238 
(ANOVA). Pretreatment (oven-drying and lyophilization) and the type of the enzyme 239 
treatment (cellulase, pectinase and cellulase/pectinase) were considered as independent 240 
variables. One-way ANOVA was applied for the individual phenolic compounds. Significant 241 
differences between the means were further analyzed by Tukey’s Multiple Comparison Test 242 
using the program GraphPad Prism version 6.00 (GraphPad Software Inc., San Diego, USA). 243 
A P value of < 0.05 was considered as statistically significant. Pearson’s correlation 244 
coefficients were calculated using Microsoft Office Excel 2016 function. 245 
3. Results and discussion 246 
3.1. Antimicrobial activity 247 
3.1.1. Screening assay on solid medium 248 
In this assay, antimicrobial activity of enzyme-free and treated fruit extracts and 249 
individual phenolics against selected foodborne pathogens and spoilage bacteria was screened 250 
and compared by using a disk-diffusion method. Majority of the fruit residue extracts 251 
inhibited the growth of the bacteria studied (Table 1). Overall, B. subtilis, S. aureus and S. 252 
enterica proved to be the most sensitive to all extracts investigated. The lowest growth 253 
inhibition effect was detected towards L. monocytogenes and the Pseudomonas strains. 254 
Extracts made from enzyme treated and untreated oven-dried (DBG) and lyophilized (LBG) 255 
black grape pomace suppressed the growth of S. aureus and S. enterica at the highest intensity 256 
(Table 1). Apple extracts were the most effective against B. subtilis and S. enterica, while the 257 
B. subtilis, B. cereus, S. aureus and S. enterica showed the highest sensitivity to pitahaya 258 
samples. In the case of many residues, the R. miehei cellulase and/or the R. miehei cellulase/A. 259 
niger pectinase combined treatments enhanced the antimicrobial activity. For instance, the 260 
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cellulase/pectinase treatment positively affected the inhibitory potential of both the oven-dried 261 
(DA) and lyophilized (LA) apple samples against S. aureus, MRSA and E. coli. And the 262 
cellulase and cellulase/pectinase treatments enhanced the inhibitory effect of the oven-dried 263 
pitahaya (DP) extracts against B. cereus and S. aureus, respectively. All three enzymatic 264 
treatments supported the inhibition potential of DP residue against P. aeruginosa. Both the 265 
pectinase treated DP and lyophilized pitahaya (LP) samples considerably suppressed the 266 
growth of S. enterica, while the pectinase increased the activity of LP samples against B. 267 
cereus and S. aureus as well (Table 1). 268 
Although there were significant differences between the oven-dried and the 269 
lyophilized samples in terms of their total phenolic content and antioxidant capacity 270 
(Zambrano et al., 2018), antimicrobial activity of both types of pretreatment was generally 271 
comparable. However, a strong positive correlation (r > 0.900) was observed between the 272 
total phenolic content (Zambrano et al., 2018) and the antimicrobial activities of the extracts 273 
(Table 1) against certain pathogens (Table S1), except for the LP residue. These findings 274 
suggested that the higher the total phenolic content in those samples, the better their 275 
antimicrobial activity against the corresponding bacteria. 276 
There are some reports in which the antimicrobial capacity of various grape, apple and 277 
pitahaya residue extracts were screened against microorganisms in agar diffusion systems 278 
(Fratianni, Coppola, & Nazzaro, 2011; Nurmahani, Osman, Abdul Hamid, Mohamad, & Pak 279 
Dek, 2012; Oliveira et al. 2013; Xu, Burton, Kim, & Sismour, 2016; Zhang et al., 2016). 280 
However, comparison of the results is quite difficult because the inhibitory potential of each 281 
residue sample strongly depends on the mode of extraction, the microorganism tested, and the 282 
fruit cultivar involved in the study. There was no detectable growth inhibition by the 283 
individual phenolic compounds with the disk-diffusion method applied at a phenolic quantity 284 
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of 10 µg per disk. Therefore, antimicrobial activity of the compounds was further analyzed at 285 
higher concentrations in broth microdilution antimicrobial susceptibility tests. 286 
3.1.2. Minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) 287 
MICs of the enzyme-free and the treated fruit residue extracts against the pathogenic 288 
and spoilage bacteria were determined via the broth microdilution assay (Table 2). Majority 289 
of the samples had the MIC value within the tested concentration range against all bacteria 290 
studied. The most sensitive bacteria were the Bacillus and Pseudomonas strains, while 291 
sensitivity of the other strains varied depending on the type of the fruit residue tested. By 292 
comparing the enzyme-free extracts, the black grape sample showed higher inhibitory effect 293 
on most bacteria than the apple and pitahaya samples. Irrespectively of the residue 294 
pretreatment and the enzymatic treatments, inhibitory effect of the black grape extracts started 295 
from 12.5 mg/mL against the Bacillus and 25 mg/mL against the Pseudomonas and S. aureus 296 
strains. Inhibition of MRSA, L. monocytogenes, E. coli and S. enterica was found in a range 297 
of 50 to 100 mg/mL. Literature describes various ICs to different grape extracts depending 298 
on the variety of grape, the mode of extraction, the waste fraction and the microorganism 299 
applied (Cheng, Bekhit, McConnell, Mros, & Zhao, 2012). For instance, Dias et al. (2015) 300 
reported MICs from 66.7 to 133.3 mg/mL for stem phenolic extracts derived from different 301 
grape varieties against digestive pathogens. Their results are comparable to those reported 302 
here as the grape pomace subjected to enzyme treatments contained stem residues in high 303 
amount as well (Zambrano et al., 2018). Further, in a more recent study, MIC ranges from 304 
4.69 to 18.8 and from 40.6 to 250 mg/mL have been documented against L. monocytogenes 305 
and S. aureus, respectively, depending on the grape pomace extracts tested (Xu et al., 2016). 306 
The apple and pitahaya extracts were most effective against P. putida (MICs from 12.5 307 
mg/mL) followed by P. aeruginosa and both Bacillus strains (Table 2). Growth inhibition 308 
capacity of the yellow pitahaya extracts studied here is close to those reported by Yong, 309 
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Dykes, Lee, & Choo (2017) for red pitahaya pulp samples. However, red and white pitahaya 310 
peel extracts, with slightly lower MIC ranges found in this study, also showed inhibitory 311 
effect against foodborne pathogenic bacteria (Nurmahani et al., 2012). 312 
On the other hand, the carbohydrase treatment could decrease the initial MIC of some 313 
of the extracts (Table 2). Depending on the type of bacteria tested, the MIC values detected in 314 
many enzyme-free extracts can be reduced by using R. miehei cellulase and/or A. niger 315 
pectinase mixtures, which reinforces the practical relevance of this study. This was most 316 
significant for the apple samples reducing some MICs about 2 to 4 times; a decrease was also 317 
observed for many extracts where initial MIC was not found up to 100 mg/mL. Furthermore, 318 
a considerable decrease in the inhibitory potential was also found for the LP and DP extracts 319 
against B. cereus and P. putida, respectively (Table 2). Studies showing the antimicrobial 320 
activity of fruit extracts after enzymatic treatments are scarce. In the work of Mandalari et al. 321 
(2007), the pectinase treatment efficiently increased the antimicrobial activity of flavonoids 322 
extracted from bergamot peel. Other papers reported effective carbohydrase-assisted 323 
extraction of phenolic antimicrobials from bilberry (pectinases; Puupponen-Pimiä, Nohynek, 324 
Ammann, Oksman-Caldentey, & Buchert, 2008), pumpkin and flaxseed (α-amylase, β-325 
glucosidase and β-glucanase; Ratz-Łyko & Arct, 2015) and Sargassum (Viscozyme® 326 
carbohydrase mix; Puspita et al., 2017) samples. 327 
Majority of the samples had no MBC against the pathogens within the concentration 328 
range studied (Table S2). Where MBC was identified, it was the same or at least double of the 329 
MIC determined for the corresponding sample. Interestingly, despite their high sensitivity 330 
exhibited during the MIC assays, the Bacillus strains were not killed by extract concentrations 331 
less than 100 mg/mL. Similar trend was observed in the inhibitory effect of red and white 332 
pitahaya extracts against a B. cereus isolate (Nurmahani et al., 2012). 333 
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The results for MIC of 11 individual phenolic compounds quantified previously in the 334 
extracts (Zambrano et al., 2018) are shown in Table 3. In our experiments, although it is lower 335 
than the MICs commonly found for most phenolic compounds against other pathogenic 336 
microorganisms (Alves et al., 2013; Cheng et al., 2012; Mandalari et al., 2007; Sabel, 337 
Bredefeld, Schlander, & Claus, 2017), 500 µg/mL was applied as the maximal concentration 338 
of each phenolics because their yield in all residue extracts (Zambrano et al., 2018) remained 339 
less than this value. For many phenolics, no inhibitory effect was recorded below 500 µg/mL 340 
concentration against most of the bacteria tested (Table 3), therefore, an elevated amount of 341 
these components after the enzyme treatments could not be responsible for the antimicrobial 342 
activity of the corresponding extract. However, it is worth pointing out that our investigations 343 
do not exclude the occurrence of other phenolic compounds in the extract, and/or a synergic 344 
effect between some of the phenolics present in the mixture (Dias et al., 2015), which could 345 
cause growth inhibitory effect on the tested pathogens as well. Nonetheless, the two Bacillus 346 
strains examined were quite sensitive to cinnamic acid and resveratrol (MIC = 125 µg/mL), p-347 
coumaric acid (MIC = 250 µg/mL) and quercetin (MIC = 500 µg/mL) (Table 3). Resveratrol 348 
inhibited the Pseudomonas strains as well presenting 250 and 500 µg/mL MICs for P. 349 
aeruginosa and P. putida, respectively. The yield of some of the above phenolics increased 350 
after the enzymatic treatments (Zambrano et al., 2018), which could explain the high 351 
sensitivity of the Bacillus and Pseudomonas isolates towards many extracts. No MBC was 352 
found for the individual phenolics against any of the pathogens tested, at the concentration 353 
range used in this experiment (from 125 to 500 µg/mL; data not shown). 354 
3.2. Quorum sensing inhibition in C. violaceum 355 
It has been documented that certain phenol-rich plant extracts and phenolic 356 
compounds could inhibit the quorum sensing system of bacterial communities (Asfour, 2018), 357 
which is responsible for many food deterioration phenotypes (Papuc et al., 2017). Therefore, 358 
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we considered important to screen this potential of the enzyme treated and untreated extracts 359 
and the individual phenolics, using a violacein pigment producer C. violaceum model strain. 360 
The synthesis of violacein in C. violaceum is under quorum sensing regulation, which 361 
property makes this bacterium suitable for screening of compounds with anti-quorum sensing 362 
capacity (Kerekes et al., 2013). Based on the liquid-culture assays performed, all fruit extracts 363 
exhibited anti-quorum sensing activity at the studied concentration (2 mg/mL), irrespectively 364 
from the enzymatic treatments (Fig. 1). Percent inhibition of violacein production ranged 365 
from 9 to 36%, 15 to 24% and 6 to 23% for black grape, apple and pitahaya extracts, 366 
respectively. Except for apple samples, no significant difference was found in the inhibitory 367 
effect of the samples subjected to different substrate pretreatment methods (see the C1 column 368 
in Fig. 1). 369 
The R. miehei cellulase and R. miehei cellulase/A. niger pectinase treatments 370 
significantly stimulated (p ˂ 0.05) the anti-quorum sensing activity of both the LBG and the 371 
DBG samples compared to the enzyme-free control (Fig. 1). A moderate decrease in the 372 
violacein production could be detected for the LA and DP samples after carbohydrase 373 
treatments. In case of the LP sample, only the A. niger pectinase treated extract reduced 374 
significantly the pigment production compared to the enzyme-free sample (p ˂ 0.05) (Fig. 1). 375 
In fact, no results have been published in the literature that the carbohydrase treatment could 376 
increase the anti-quorum sensing property of a fruit residue sample. Additionally, although 377 
many studies have been conducted so far with plant sources as potential quorum sensing 378 
inhibitors (Viswanathan, Rathinam, & Suneeva, 2015), relatively few reports are available 379 
from grape and apple extracts in this regard (Fratianni et al., 2011; Sheng et al., 2016; Vattem, 380 
Mihalik, Crixell, & McLean, 2007), and no studies were found on the capacity of pitahaya 381 
samples. 382 
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Concerning the individual phenolics tested, the syringic acid, vanillic acid, (+)-383 
catechin and resveratrol compounds exhibited high inhibition against the violacein production 384 
compared to the control (p ˂ 0.05) at 10 µg/mL concentration used in this study (Fig. 2). More 385 
detailed analysis of the data, comparing with the individual phenolic concentrations 386 
investigated previously (Zambrano et al., 2018), revealed a correlation between the inhibition 387 
of violacein production by certain extracts and the yield of some of these phenolics after the 388 
enzyme treatments. This was strongly positive (r > 0.900) for syringic acid in DBG, LA and 389 
DP, for vanillic acid in DBG, LBG and DP and for (+)-catechin in LBG extracts (Table S3). 390 
Negative associations were found between the violacein inhibition values and the 391 
concentration of syringic and vanillic acids in DA and LP samples, (+)-catechin in DA and 392 
DP samples and resveratrol in DA and both pitahaya extracts (Table S3). However, after 393 
enzymatic treatments, the (‒)-epicatechin, 4-hydroxybenzoic acid and gallic acid yields were 394 
higher in the LBG extract (from 37 to 215 µg/mL) (Zambrano et al., 2018) than the individual 395 
phenolic concentration used in this experiment (10 µg/mL), suggesting that these components 396 
can also contribute to the violacein production inhibitory effect of the extract. The positive 397 
correlation (r = 0.820) between the violacein production inhibition values (Fig. 1) and (‒)-398 
epicatechin content of the untreated and treated LA extracts (Zambrano et al., 2018) could 399 
also strengthen this suggestion. In this context, Borges et al. (2014) reported noticeable 400 
activity against the violacein production of C. violaceum for gallic acid and (‒)-epicatechin at 401 
1 mg/mL concentration. Also, in different concentrations, catechin, resveratrol and vanillic 402 
acid demonstrated anti-quorum sensing activity in P. aeruginosa (Vandeputte et al., 2010), C. 403 
violaceum (Alvarez, Moreira, & Ponce, 2012; Erdönmez, Rad, & Aksöz, 2018) and Serratia 404 
marcescens (Sethupathy et al., 2017), respectively. 405 
3.3. Biofilm formation in pathogen and spoilage bacteria 406 
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Quorum sensing inhibitory potential of the enzyme treated/untreated extracts and 407 
phenolics led us to investigate their influence on the biofilm formation. In these studies, the 408 
biofilm formation of seven pathogens involved in the antimicrobial tests in the presence or 409 
absence of extracts and individual phenolics was investigated. Majority of the extracts 410 
inhibited the biofilm growth in vitro, however, the effect varied depending on the types of 411 
substrate pretreatment and enzymatic treatment, and the sensitivity of the bacterium analyzed 412 
(Table 4). Overall, the most sensitive bacteria were the P. putida, P. aeruginosa and S. 413 
aureus. In this context, earlier studies verified that phenolic extracts and certain phenolic 414 
compounds, especially flavonoids, can efficiently prevent the biofilm formation in P. 415 
aeruginosa and S. aureus (Lopes, dos Santos Rodrigues, Magnani, de Souza, & de Siqueira-416 
Júnior, 2017; Pratiwi, Lagendijk, Hertiani, de Weert, & Van Den Hondel, 2015; 417 
Rasamiravaka, Labtani, Duez, & El Jaziri, 2015; Vandeputte et al., 2010). All the studied 418 
extracts except LP contained considerable amounts of flavonoids, mainly the flavan-3-ols (+)-419 
catechin and (‒)-epicatechin (Zambrano et al., 2018). Concerning the type of pretreatment, 420 
biofilm formation decreasing effect of the DBG extracts was superior against MRSA and S. 421 
enterica than that detected for the lyophilized ones (p ˂ 0.05), irrespectively from the enzyme 422 
treatments (Table 4). However, in case of the other fruit residues, no general conclusion could 423 
be deduced regarding to the influence of pretreatment on the biofilm formation since the 424 
effect of the extracts was different depending on the enzymatic treatment (Table 4). For 425 
example, a slight decrease (p > 0.05) in biofilm formation was noted in the S. aureus biofilms 426 
when R. miehei cellulase treated DBG extract was added, while biofilm formation was 427 
detected in the presence of R. miehei cellulase treated LBG extract, compared to the 428 
corresponding enzyme-free sample. Anyway, if samples presenting the highest inhibitory 429 
potential were considered, oven-drying pretreatment was effective for black grape and 430 
pitahaya residues to inhibit most of the bacterial biofilms analyzed. In contrast, apple residues 431 
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subjected to lyophilization pretreatment resulted the maximal reduction in biofilm formation, 432 
except for L. monocytogenes and S. aureus. 433 
Surprisingly, in some cases, addition of the extract affected positively the formation of 434 
the biofilms (Table 4). This was particularly found for S. enterica; for instance, the DA and 435 
LBG extracts, irrespectively from the enzymatic treatments, caused a 1.5- and 2-fold increase 436 
in the biofilm formation (p ˂ 0.05), respectively. Also, some extracts had stimulating effect on 437 
the L. monocytogenes and E. coli biofilms. Another important observation is that, despite the 438 
increased quorum sensing inhibition activity of some of the extracts after enzymatic 439 
treatments (see Fig. 1), the cellulase and/or cellulase/pectinase combined treatments decreased 440 
the antibiofilm activity of many enzyme-free extracts; however, it depended on the type of the 441 
bacterium tested. L. monocytogenes biofilm, for example, was significantly enhanced by the 442 
cellulase treated DA and DP extracts, and the cellulase/pectinase treated LBG and DP 443 
samples compared to positive control (p ˂ 0.05) (Table 4). Interestingly, all pectinase treated 444 
extracts facilitated the biofilm formation reduction in L. monocytogenes, and pectinase treated 445 
samples presented the highest inhibition against MRSA (DBG sample), S. aureus (DA 446 
sample), S. enterica (LP sample) and S. aureus and P. aeruginosa (DP sample) biofilms 447 
(Table 4). 448 
The reason for the enhanced biofilm formation caused by some of the extracts could 449 
ascribe to the influences of various factors, such as the different sensitivity of the bacteria 450 
towards the tested extract, the amount of individual phenolic compounds in the extract, and 451 
the polysaccharides derived from the fruit residues. Namely, the cellulose fibers, oligomers 452 
and other polysaccharides, e.g., pectin and xylan, present in the residue extracts can induce 453 
more structural stability and protection to the cells in the biofilm layer (Beauregard, Chai, 454 
Vlamakis, Losick, & Kolter, 2013; Limoli, Jones, & Wozniak, 2015). In this sense, cellulase 455 
treatment could facilitate the formation of such oligomers from the residue causing enhanced 456 
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biofilm formation in some of the bacteria tested. Concerning plant phenolics, several studies 457 
have shown their excellent antibiofilm properties (Slobodníková et al., 2016), and numbers of 458 
them have been tested as potential antibiofilm agents in the food industry (Papuc et al., 2017). 459 
However, some results exist on that certain fruit extracts (Priha et al., 2014) and phenolic 460 
compounds (Plyuta et al., 2013) can trigger biofilm formation by the bacterium with a 461 
concentration dependent interaction. As an example, Plyuta et al. (2013) found that the 4-462 
hydroxybenzoic, gallic and cinnamic acids in subinhibitory concentrations up to 100 µg/mL, 463 
and the vanillic acid and (‒)-epicatechin up to 750 µg/mL can stimulate the P. aeruginosa 464 
biofilm. Presence of these compounds in the extracts studied here, at concentrations up to 215 465 
µg/mL (Zambrano et al., 2018), may also explain the observed biofilm-stimulating effects. In 466 
this context, strong correlations (r > 0.636) between the amounts of vanillic acid, syringic 467 
acid, (+)-catechin, (‒)-epicatechin and resveratrol (Zambrano et al., 2018) and the biofilm-468 
modulating capacity of LBG and DA extracts toward L. monocytogenes (Table 4) were 469 
observed. Also, vanillic and syringic acid concentrations in the pitahaya extracts found to be 470 
correlating with their influence on L. monocytogenes biofilm (0.582 ˂ r ˂ 0.983). 471 
In view of the abovementioned data, the next step in the present study was to examine 472 
the antibiofilm capacity of phenolic compounds identified in the extracts. In these assays, the 473 
compounds exhibited inhibitory effect against each bacterial biofilm analyzed, at a fixed 474 
concentration below the MIC value (100 µg/mL) (Table 5). Although additional experiments 475 
are needed to prove the function of phenolics in the biofilm formation enhancement, our 476 
investigations revealed potential antibiofilm phenolics that can be obtained from black grape, 477 
apple and pitahaya extracts after R. miehei cellulase and R. miehei cellulase/A. niger pectinase 478 
combined treatments. Vanillic and syringic acid content of LA extracts, and (+)-catechin and 479 
(‒)-epicatechin yields of DBG samples (Zambrano et al., 2018), for instance, correlated well 480 
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with their antibiofilm activity against P. putida and P. aeruginosa (Table 4), respectively 481 
(0.905 ˂ r ˂ 0.998). 482 
4. Conclusions 483 
This study demonstrates the antimicrobial, anti-quorum sensing and anti-biofilm 484 
forming properties of phenolic-enriched extracts and individual phenolics produced from 485 
black grape, apple and pitahaya residues using R. miehei cellulase and A. niger pectinase 486 
cocktails alone or in combination. Disk-diffusion screening tests revealed growth inhibitory 487 
potential for the extracts against most foodborne pathogens and spoilage bacteria involved. 488 
Depending on the bacteria tested, antimicrobial activity of the extracts displayed high 489 
variability after the carbohydrase treatments, however, many samples with enhanced activity 490 
were detected for each substrate. According to MIC determination test, the overall inhibitory 491 
effect of black grape extracts against most pathogens was slightly higher than that of apple 492 
and pitahaya samples. In general, carbohydrase treatments reduced the initial MICs and 493 
majority of the extracts were bacteriostatic rather than bactericidal. MIC data suggest that 494 
most individual phenolics analyzed would have a minor role in the antimicrobial activity of 495 
the samples; only the effect of cinnamic acid, p-coumaric acid and quercetin against the two 496 
Bacillus strains, and resveratrol against the Bacillus and Pseudomonas isolates suggested their 497 
importance in the effect of certain extracts. 498 
Further, majority of the extracts can be reliable sources of compounds with anti-499 
quorum sensing and antibiofilm activities, which is supported by the outstanding inhibitory 500 
effect of many phenolics identified in the samples. Except for DA sample, the enzymatic 501 
treatments had a stimulating effect on anti-quorum sensing activity, showing strong positive 502 
associations with the syringic acid, vanillic acid and (+)-catechin yields. However, some 503 
cellulase treated extracts showed less antibiofilm activity than those found for the 504 
corresponding enzyme-free samples. A possible explanation would be the polysaccharide 505 
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content of the extracts, which can be derived from both the substrate and the crude cellulase 506 
cocktail and can stabilize the biofilm matrix during the tests. On the other hand, some 507 
phenolics presented at subinhibitory concentrations in the extracts could act as stressors to 508 
which cells respond by increased biofilm formation. Anyway, our results show that treatment 509 
with R. miehei cellulase and/or A. niger pectinase is a suitable technology to produce 510 
antimicrobial and anti-quorum sensing extracts and phenolics from fruit wastes. The extracts 511 
that proved to be effective can be used as sources of antimicrobials, natural food preservatives 512 
and/or sanitizers to control food-related bacteria. 513 
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Figure captions 695 
 696 
Fig. 1. Inhibition of violacein production in C. violaceum 6269 by oven-dried and lyophilized 697 
black grape, apple and pitahaya extracts (2 mg/mL) (C1: enzyme-free, S1: R. miehei cellulase 698 
treated, C2: A. niger pectinase treated, S2: R. miehei cellulase + A. niger pectinase treated 699 
extracts). The violacein inhibition measured in the absence of a given extract was taken as the 700 
control. Results are presented as averages from three replicates; error bars represent standard 701 
deviation. The different letters above the columns indicate significant differences according to 702 
two-way ANOVA followed by Tukey's Multiple Comparison Test (p < 0.05; independent 703 
variables: pretreatment and the type of the enzyme treatment). 704 
 705 
Fig. 2. Percentage inhibition of violacein production in C. violaceum 6269 by phenolic acids 706 
and other phenolic compounds (10 µg/mL). The violacein inhibition measured in the absence 707 
of a given compound was taken as the control. Results are presented as averages from three 708 
replicates; error bars represent standard deviation. The different letters above the columns 709 
indicate significant differences according to one-way ANOVA followed by Tukey’s Multiple 710 
Comparison Test (p < 0.05). 711 
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Table 1. Antimicrobial activity of oven-dried and lyophilized black grape, apple and yellow pitahaya extracts (1 mg per disk) against pathogenic 712 
and spoilage bacteria before and after treatment with R. miehei cellulase and/or A. niger pectinase. Results were calculated from the growth 713 
inhibition zone (mm) measured around the paper disk. 714 
Fruit residues  
Growth inhibition* 
B. subtilis B. cereus L. monocytogenes S. aureus MRSA E. coli S. enterica P. putida P. aeruginosa 
 Antibiotic control          
 Streptomycin (100 µg/mL) ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 
Black grape           
Oven-dried Enzyme-free ++ + + ++ + + ++ NI + 
Cellulase ++ + ++ ++ + ++ +++ + + 
Pectinase + + + ++ + + + NI + 
Cellulase + Pectinase ++ ++ NI +++ ++ + + + + 
Lyophilized Enzyme-free ++ + + + + + ++ + + 
Cellulase ++ +++ + ++ + + + + NI 
Pectinase + ++ + ++ + + ++ + + 
Cellulase + Pectinase ++ + + ++ ++ ++ +++ + + 
Apple           
Oven-dried Enzyme-free ++ + NI + + + ++ NI NI 
Cellulase ++ ++ NI ++ + + +++ + + 
Pectinase ++ + NI + + + ++ NI NI 
Cellulase + Pectinase NI ++ + ++ ++ ++ ++ + + 
Lyophilized Enzyme-free + + + + + + + NI NI 
Cellulase +++ + + + + + ++ + + 
Pectinase + + + + + + ++ + NI 
Cellulase + Pectinase ++ + + ++ +++ ++ + + + 
Pitahaya           
Oven-dried Enzyme-free +++ + + ++ + + ++ + NI 
Cellulase ++ +++ + ++ + + ++ + + 
Pectinase +++ + NI ++ + + +++ + + 
Cellulase + Pectinase + + + +++ + + + + + 
Lyophilized Enzyme-free +++ + + + + + + NI + 
Cellulase +++ + + + + + + NI NI 
Pectinase + ++ + ++ + + +++ NI + 
Cellulase + Pectinase +++ + + + + + + NI + 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
32 
* Slight antimicrobial activity (+), inhibition zone: 1-3 mm; moderate antimicrobial activity (++), inhibition zone: 4-5 mm; high antimicrobial 715 
activity (+++), inhibition zone: 6-8; strong antimicrobial activity (++++), inhibition zone > 8 mm; NI: No inhibition. There was no bacterial 716 
growth inhibition around the disks contained the negative control (ethanol:distilled water, 10:90). 717 
718 
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Table 2. Minimum Inhibitory Concentration (MIC) of oven-dried and lyophilized black grape, apple and yellow pitahaya extracts against 719 
pathogenic and spoilage bacteria before and after treatment with R. miehei cellulase and/or A. niger pectinase. 720 
Fruit residues  
MIC (mg/mL) 
B. subtilis B. cereus L. monocytogenes S. aureus MRSA E. coli S. enterica P. putida P. aeruginosa 
Black grape           
Oven-dried Enzyme-free 25 25 100 50 100 100 100 50 50 
Cellulase 12.5 12.5 100 50 50 50 50 25 50 
Pectinase 12.5 >100 100 50 50 100 >100 50 25 
Cellulase + Pectinase 25 25 50 50 50 100 50 25 25 
Lyophilized Enzyme-free 12.5 25 50 50 50 50 100 25 25 
Cellulase 12.5 12.5 >100 25 50 50 50 50 25 
Pectinase 12.5 12.5 50 50 50 50 50 25 25 
Cellulase + Pectinase 50 25 100 25 50 100 50 25 25 
Apple           
Oven-dried Enzyme-free 50 50 >100 100 >100 >100 >100 100 100 
Cellulase 50 25 >100 50 100 100 >100 50 50 
Pectinase 100 50 25 100 >100 100 100 50 50 
Cellulase + Pectinase 25 25 >100 50 100 100 >100 25 25 
Lyophilized Enzyme-free 100 100 50 >100 >100 >100 >100 50 100 
Cellulase 25 25 >100 50 100 >100 100 12.5 25 
Pectinase 100 100 100 100 >100 >100 100 100 50 
Cellulase + Pectinase 25 25 50 50 100 50 50 50 25 
Pitahaya           
Oven-dried Enzyme-free 100 50 100 100 >100 100 100 50 100 
Cellulase 50 50 >100 100 100 >100 100 12.5 50 
Pectinase 50 50 100 100 >100 >100 100 12.5 50 
Cellulase + Pectinase 50 50 50 50 >100 100 100 25 50 
Lyophilized Enzyme-free 50 100 100 100 100 100 100 12.5 50 
Cellulase 50 25 100 >100 100 >100 100 25 50 
Pectinase 50 50 100 100 100 100 100 12.5 50 
Cellulase + Pectinase 50 25 50 100 50 100 50 12.5 25 
721 
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Table 3. Minimum Inhibitory Concentration (MIC) of phenolic acids and other phenolic compounds against foodborne pathogenic and spoilage 722 
bacteria. 723 
Compounds 
MIC (µg/mL) 
B. subtilis B. cereus L. monocytogenes S. aureus MRSA E. coli S. enterica P. putida P. aeruginosa 
4-Hydroxybenzoic acid 250 >500 >500 >500 >500 >500 >500 >500 >500 
Syringic acid 250 >500 >500 >500 >500 >500 >500 >500 >500 
Gallic acid >500 >500 >500 >500 >500 >500 >500 >500 >500 
Vanillic acid 500 >500 >500 >500 >500 >500 >500 >500 >500 
Cinnamic acid 125 125 >500 >500 >500 >500 >500 >500 >500 
p-Coumaric acid 250 250 >500 >500 >500 >500 >500 >500 >500 
(+)-Catechin >500 >500 >500 >500 >500 >500 >500 >500 >500 
(‒)-Epicatechin >500 >500 >500 >500 >500 >500 >500 >500 >500 
Quercetin 500 500 >500 >500 >500 >500 >500 >500 >500 
Polydatin >500 >500 >500 >500 >500 >500 >500 >500 >500 
Resveratrol 125 125 >500 >500 >500 >500 >500 500 250 
724 
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Table 4. Effect of the oven-dried and lyophilized black grape, apple and yellow pitahaya extracts (50 mg/mL) on biofilm formation against 725 
foodborne pathogenic and spoilage bacteria before and after treatment with R. miehei cellulase and/or A. niger pectinase. Biofilm formation 726 
occurred in the absence of a given extract was taken as the positive control. 727 
Fruit residues  Biofilm formation (%) 
 L. monocytogenes S. aureus MRSA E. coli S. enterica P. putida P. aeruginosa 
Black grape         
 Positive control 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 ab 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 
Oven-dried Enzyme-free 44 ± 3.3 b 48 ± 6.0 b 53 ± 8.0 bc 87 ± 7.7 a 75 ± 4.8 b 48 ± 6.0 bc 52 ± 3.5 bc 
Cellulase 70 ± 11.7 c 35 ± 0.4 b 60 ± 7.3 b 128 ± 16.4 b 66 ± 8.6 b 33 ± 7.3 b 28 ± 3.7 d 
Pectinase 49 ± 5.1 bc 44 ± 8.4 b 33 ± 4.4 d 88 ± 13.1 a 81 ± 5.5 ab 51 ± 6.4 cde 55 ± 2.0 bc 
Cellulase + Pectinase 66 ± 10.0 bc 37 ± 1.3 b 41 ± 5.3 cd 107 ± 12.2 ab 133 ± 7.1 c 44 ± 4.2 bd 49 ± 2.6 be 
Lyophilized Enzyme-free 56 ± 6.2 bc 55 ± 2.0 b 105 ± 4.6 a 105 ± 10.0 ab 200 ± 0.4 d 62 ± 1.7 c 59 ± 4.4 ce 
Cellulase 115 ± 6.8 ad 101 ± 6.6 a 105 ± 2.4 a 43 ± 3.5 c 193 ± 2.4 d 35 ± 1.7 be 43 ± 4.2 b 
Pectinase 54 ± 1.7 bc 53 ± 6.0 b 106 ± 3.3 a 85 ± 10.4 a 188 ± 6.8 d 52 ± 2.4 dc 47 ± 4.8 be 
Cellulase + Pectinase 138 ± 4.6 d 88 ± 9.3 a 105 ± 2.2 a 44 ± 5.1 c 196 ± 5.7 d 40 ± 2.0 bd 62 ± 2.0 c 
Apple         
 Positive control 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 
Oven-dried Enzyme-free 40 ± 5.3 b 38 ± 2.6 b 74 ± 4.2 b 53 ± 4.6 b 193 ± 4.8 b 57 ± 7.5 bc 36 ± 7.1 bc 
Cellulase 138 ± 0.4 c 104 ± 3.5 a 71 ± 5.3 b 140 ± 11.1 c 176 ± 14.4 bc 71 ± 7.5 b 58 ± 4.4 d 
Pectinase 26 ± 4.2 b 5 ± 0.8 c 67 ± 4.2 b 60 ± 5.5 b 143 ± 12.0 cd 32 ± 3.1 de 34 ± 4.0 bc 
Cellulase + Pectinase 121 ± 4.6 d 104 ± 2.0 a 54 ± 7.3 bc 49 ±10.0 b 139 ± 17.3 de 55 ± 4.2 bc 48 ± 4.2 bd 
Lyophilized Enzyme-free 61 ± 5.1 e 38 ± 5.1 b 42 ± 4.0 c 56 ± 11.7 b 190 ± 12.6 b 53 ± 8.2 bc 33 ± 5.5 bc 
Cellulase 80 ± 4.8 f 64 ± 7.5 d 36 ± 4.6 c 38 ± 5.3 b 79 ± 1.1 a 22 ± 3.1 e 22 ± 5.1 c 
Pectinase 34 ± 6.0 b 40 ± 3.3 b 44 ± 7.3 c 62 ± 5.7 b 90 ± 3.3 a 44 ± 4.4 dc 40 ± 6.0 be 
Cellulase + Pectinase 93 ± 3.7 af 46 ± 8.4 b 74 ± 6.8 b 68 ± 12.0 b 105 ± 2.6 ae 28 ± 2.6 de 25 ± 1.7 ce 
Pitahaya         
 Positive control 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 ab  100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 100 ± 0.0 a 
Oven-dried Enzyme-free 76 ± 2.6 b 37 ± 3.1 bc 108 ± 0.4 a 154 ± 14.6 b 143 ±12.6 b 86 ± 7.1 ab 72 ± 0.8 b 
Cellulase 129 ± 7.1 c 74 ± 4.2 d 104 ± 1.5 a  26 ± 5.3 c 195 ± 8.0 c 100 ± 1.3 a 89 ± 4.4 c 
Pectinase 30 ± 1.7 d 18 ± 4.8 e 102 ± 4.0 ab 36 ± 1.5 c 50 ± 2.6 d 38 ± 0.4 c 17 ± 1.5 d 
Cellulase + Pectinase 127 ± 5.3 c 99 ± 1.7 a 106 ± 3.1 a 198 ± 6.0 d 189 ± 6.2 c 28 ± 3.7 c 45 ± 3.5 e 
Lyophilized Enzyme-free 66 ± 5.1 b 33 ± 5.7 be 105 ± 2.6 a 44 ± 7.5 c 54 ± 5.7 d 43 ± 5.5 c 22 ± 2.0 d 
Cellulase 79 ± 3.1 b 42 ± 3.7 b 95 ± 4.0 b 169 ± 16.2 bd 183 ± 9.7 c 65 ± 9.7 d 51 ± 3.1 ef 
Pectinase 33 ± 4.2 d 23 ± 4.6 ce 77 ± 2.4 c 43 ± 3.5 c 34 ± 6.4 d 31 ± 2.0 c 21 ± 1.7 d 
Cellulase + Pectinase 82 ± 3.5 b 92 ± 5.7 a 73 ± 1.5 c 33 ± 3.1 c 180 ± 7.1 c 67 ± 7.7 bd 61 ± 3.1 f 
Average values from three tests ± standard deviation. Different letters represent significant changes (p < 0.05) compared to respective positive 728 
controls (two-way ANOVA followed by Tukey’s Multiple Comparison Test; independent variables: pretreatment and type of the enzyme 729 
treatment). 730 
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Table 5. Effect of phenolic acids and other phenolic compounds (100 µg/mL) on biofilm formation against foodborne pathogenic and spoilage 732 
bacteria. Biofilm formation occurred in the absence of a given compound was taken as the positive control. 733 
 
Biofilm formation (%) 
L. monocytogenes  S. aureus  MRSA E. coli  S. enterica P. putida P. aeruginosa  
Positive control 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 
Compounds        
4-Hydroxybenzoic acid 64 ± 7 bc 40 ± 2 b 54 ± 3 bc 50 ± 7 b 57 ± 6 b 77 ± 5 b 48 ± 7 b 
Syringic acid 48 ± 6 b 49 ± 6 b 59 ± 11 cd 25 ± 6 c 38 ± 4 c 40 ± 4 cd 33 ± 8 bc 
Gallic acid 89 ± 3 ac 45 ± 6 b 59 ± 2 cd 39 ± 10 bc 52 ± 5 bc 58 ± 2 ce 45 ± 4 b 
Vanillic acid 40 ± 3 b 40 ± 1 b 49 ± 10 bc 29 ± 6 bc 49 ± 8 bc 57 ± 4 ce 39 ± 6 bd 
Cinnamic acid 47 ± 4 b 40 ± 2 b 63 ± 6 cd 31 ± 3 bc 51 ± 3 bc 72 ± 6 be 38 ± 6 bd 
p-Coumaric acid 41 ± 11 b 38 ± 3 b 68 ± 5 c 33 ± 8 bc 43 ± 3 bc 60 ± 6 be 50 ± 4 b 
(+)-Catechin 47 ± 11 b 15 ± 1 c 43 ± 7 bc 19 ± 1 c 16 ± 2 d 18 ± 3 f 15 ± 0 c 
(‒)-Epicatechin 61 ± 10 bc 18 ± 4 c 41 ± 0 bd 38 ± 6 bc 20 ± 3 d 24 ± 5 df 25 ± 2 cd 
Quercetin 40 ± 5 b 14 ± 0 c 33 ± 5 b 23 ± 6 c 17 ± 2 d 19 ± 2 f 20 ± 2 cd 
Polydatin  49 ± 9 b 37 ± 5 b 40 ± 4 bd 16 ± 2 c 17 ± 3 d 19 ± 4 f 19 ± 1 cd 
Resveratrol 60 ± 10 bc 17 ± 3 c 41 ± 7 bd 17 ± 3 c 18 ± 3 d 19 ± 1 f 20 ± 2 cd 
Average values from three tests ± standard deviation. Values within a column with different letters are significantly different according to the 734 
one-way ANOVA followed by Tukey’s Multiple Comparison Test (p < 0.05).735 
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Appendix A. 736 
Supplementary data 737 
 738 
Table S1. Correlation coefficients (Pearson r) between the antimicrobial activity against 739 
different pathogens and total phenolic content of oven-dried and lyophilized black grape, 740 
apple and pitahaya extracts after enzymatic treatments. 741 
 742 
Table S2. Minimum Bactericidal Concentration (MBC) of oven-dried and lyophilized black 743 
grape, apple and yellow pitahaya extracts against foodborne pathogenic and spoilage bacteria 744 
before and after treatment with R. miehei cellulase and/or A. niger pectinase. 745 
 746 
Table S3. Correlation coefficients (Pearson r) between violacein production inhibitory 747 
activity and syringic acid, vanillic acid, (+)-catechin and resveratrol content of oven-dried and 748 
lyophilized black grape, apple and pitahaya extracts after enzymatic treatments. 749 
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Highlights 
 
• Carbohydrase-assisted extraction of antimicrobial compounds from fruit residues. 
• Extracts subjected to antibiofilm and anti-quorum sensing activity assays. 
• The antimicrobial activity correlated with the total phenolic content of samples. 
• Phenolic products inhibited the growth and biofilms of food-related bacteria. 
• Extracts and phenolics suppressed the violacein production in Chromobacterium. 
 
 
